The application of trialkyloxonium tetrafluoroborates for N-alkylation of the nonnatural amino acid C  -dimethylglycine is described. Several methyl esters of dimethylglycine protected with different amine protecting groups were subject to N-ethylation or N-methylation with triethyloxonium tetrafluoroborate or trimethyloxonium tetrafluoroborate, respectively. The corresponding N-akyl-C  -dimethylglycine derivatives were obtained in good to high yields. Removal of the methyl ester rendered amino acid derivatives ready for application in peptide synthesis.
Introduction
Non-proteinogenic amino acids are an important class of organic compounds with a large application spectrum in medicinal chemistry, since they can have intrinsic biological activity or can be found in peptides with antibiotic, antiviral, antitumor, anti-inflammatory or immunosuppressive activities. Among non-proteinogenic amino acids are N-alkylamino acids and C  -dialkylamino acids, both of which can be found in many biologically important peptides. [1] [2] [3] N-Alkylamino acids are constituents of naturally occurring peptides and proteins. [1] [2] [3] The alkyl group attached to the amine function causes changes in volume and conformation of peptides; those changes result in reduced flexibility, increased lipophilicity and prevention of degradation by proteolytic enzymes. 4 For example, histones, the molecules that wrap DNA, may be N-methylated, with consequent induction or suppression of transcription. 5 Besides, Nalkylamino acids are found in peptides that show antibiotic, anticancer or antiviral activity. 6 The increase in lipophilicity they cause in peptides is also an attractive feature of this class of molecules for Medicinal Chemistry. 13 C  -Dialkylglycines, such as dimethylglycine, also known as 2-methylalanine (Aib), diethylglycine (Deg) and isovaline (Iva) are the main feature of peptaibols, a family of naturally occurring antibiotic peptides isolated from soil fungi which exhibit a broad range of activities against Gram-negative and Gram-positive bacteria and fungi.
14 Owing to their non-proteinogenic nature, the introduction of these amino acids in peptides results in more defined conformations and increased resistance to proteolytic enzymes. 15, 16 The restricted rotation around peptide bonds of C  -dialkylglycines is also responsible for a series of practical difficulties, which render the synthesis of peptide analogues bearing these amino acids a real synthetic challenge. This difficulty can only be overcome by taking advantage of synthetic methodologies not usually used in peptide chemistry, such as the methodology based on the Ugi reaction, which we have been developing over the last decade. [17] [18] [19] [20] Several studies on the biological activity of N-methyl, C  -dimethylglycine, (Me-Aib) have been reported. Me-Aib has been widely used as a specific model substrate for system A amino acid transport, 21 which is expressed strongly in transformed and malignant cells. 22 Sodium iondependent transport of Me-Aib has been used to indicate System A activity 23 since it concentrates in cells only via System A transport and has a very low metabolism. 24 Me-Aib has been labelled with carbon-11 for PET studies on System A amino acid transport in vivo, and 11 CMe-Aib has been shown to be metabolically stable in humans. 25 Me-Aib has also been reported to reduce hepatic collagen content of rats in a model of CCl4-induced liver injury, and in vitro studies indicated that Me-Aib directly reduced collagen synthesis. 26 Due to the interest in biological applications of Me-Aib a few methods for their synthesis have been reported. 27 However, no reports on the synthesis and application of the corresponding N-ethylated derivative can be found in the literature.
Herein, we explore N-ethylation of several N-protected derivatives of C  -dimethylglycine using the triethyloxonium tetrafluoroborate/potassium tert-butoxide methodology. The same procedure but using trimethyloxonium tetrafluoroborate as alkylating agent is also described to give N-methylated derivatives of C  -dimethylglycine.
Results and Discussion
The methyl ester of C  -dimethylglycine N-protected with the tert-butoxycarbonyl group was prepared (compounds 1a, Scheme 1). This C  -dimethylglycine derivative was subject to treatment with 2.5 equiv. of triethyloxonium tetrafluoroborate using 3.5 equiv. of potassium tertbutoxide as base. In these conditions the reaction was complete in approximately 30 minutes allowing, the isolation of the N-ethyl C  -dimethylglycine derivative in 93% yield (compound 2a, Scheme 1, Table 1 ). Thus, other C  -dimethylglycine methyl ester derivatives with different types of amine protecting groups, namely, the benzyloxycarbonyl (Z), the 4-nitrobenzenesulfonyl (Nosyl), the 4-toluenesulfonyl (Tos), the benzoyl (Bz) and the acetyl (Ac) group were prepared (compounds 1b-f, Scheme 1) and subject to N-ethylation in the same conditions. The corresponding N-ethyl-C  -dimethylglycine derivatives were obtained in yields ranging from 73% to 94% (compounds 2b-f, Scheme 1, Table 1 ).
Scheme 1 Table 1. Results obtained in the N-alkylation of the methyl esters of
Tos-N(Et)-Aib-OMe, 2d 94 Bz-Aib-OMe, 1e
Bz-N(Et)-Aib-OMe, 2e 73
Tos-N(Me)-Aib-OMe, 3d 75 Bz-Aib-OMe, 1e
Bz-N(Me)-Aib-OMe, 3e 94
Recently, De Marco et al. 8 proposed the use of trimethyloxonium tetrafluoroborate (Me3OBF4) together with N,N-diisopropylethylamine as base, for N-methylation of N-(4-nitrobenzenesulfonyl)amino acid derivatives. Thus, we decided to apply this alkylating agent, combined with potassium tert-butoxide as base, for the preparation of N-protected, N-methyl C  -dimethylglycine derivatives. Thus compounds 1a-1e were reacted with 2.5 equiv. of trimethyloxonium tetrafluoroborate in the presence of 3.5 equiv. of potassium tert-butoxide. Again, in all cases, the N-methyl C  -dimethylglycine derivatives were obtained in yields ranging from 75% to 97% (compounds 3a-e, Scheme 1, Table 1) By removal of the Nosyl protecting group from N-Nosyl, N-ethyl amino acid methyl esters and reprotection of the amino function with the 9-fluorenylmethoxycarbonyl group (Fmoc), Liguori demonstrated the compatibility of this N-ethylation procedure with standard Fmoc chemistry. 7 Conversion of the methyl esters of N-ethyl dehydroamino acids to the corresponding acids by treatment with a mixture of an aqueous solution of NaOH and dioxane and coupling with an amino acid was previously carried out by us. 13 To test if this cleavage method could be extended to the methyl esters of N-alkyl, C  -dimethylglycine derivatives, compounds 2a and 2c were treated with a mixture of an aqueous solution of NaOH and dioxane, giving the corresponding N-protected, N-ethyl C  -dimethylglycine in 54% and 76% respectively (compounds 4a and 4c).
Conclusions
A trialkyloxonium tetrafluoroborate / potassium tert-butoxide alkylation procedure was applied for N-alkylation of several methyl esters of C  -dimethylglycines, N-protected with several types of amine protecting groups. All N-alkyl, C  -dimethylglycine derivatives could be obtained in high yields. Some of these N-alkylated methyl ester derivatives were converted to their corresponding carboxylic acid derivatives.
This method constitutes a high yielding procedure for synthesis of both N-methylated or Nethylated C  -dimethylglycine derivatives. N-Methylated C  -dimethylglycine derivatives have found interesting biological applications, however, no reports on the synthesis of the corresponding N-ethylated derivatives have been described. Thus, we believe the synthesis of Nethyl, C  -dimethylglycines opens perspectives for the use of these nonnatural amino acids in biological and pharmacological applications. Also, these residues when incorporated into peptides, due to the presence of the N-ethyl and the C  -dimethyl moieties, can yield peptides with more defined conformations, increased resistance to proteolytic enzymes and increased lipophilicity.
Experimental Section
General. Melting points were determined with a Gallenkamp apparatus and are uncorrected.
1 H and 13 C NMR spectra were recorded with a Varian Unity Plus spectrometer at 300 and 75.4 MHz, respectively, or with a Bruker Avance II + operating at 400 and 100.6 MHz, respectively. 1 H-1 H spin-spin decoupling, DEPT ( 45º), HMQC and HMBC were used to attribute some signals. The stereochemistry of the dehydroamino acids derivatives was determined by NOE difference experiments. Chemical shifts are given in ppm and coupling constants (J) in Hz. HRMS data were obtained by the mass spectrometry service of the University of Vigo, Spain. Elemental analysis was performed with a LECO CHNS 932 elemental analyzer. The reactions were monitored by thin layer chromatography (TLC). Petroleum ether refers to fractions with the boiling range 40-60 ºC. Solvents were used without purification except for dichloromethane, which was dried according to standard procedures.
Synthesis of the methyl esters of N-protected, C
 -dimethylglycines. Boc-Aib-OMe (1a). HCl·H-Aib-OMe (1151 mg, 7.500 mmol) was dissolved in dichloromethane (0.1 mol dm -3 ) followed by addition of 2.2 eq. of triethylamine and 1 eq. of tertbutylpyrocarbonate with vigorous stirring and cooling in an ice bath. The reaction mixture was stirred at room temperature for 4 hours. The solvent was then evaporated at reduced pressure. The extract was partitioned between 150 cm 3 of ethyl acetate and 30 cm 3 of KHSO4 (1 mol dm -3 ), and washed with KHSO4 (1 mol dm -3 ), NaHCO3 (1 mol dm -3 ) and brine (2 times, 30 cm 3 each). After drying over MgSO 4 the extract was taken to dryness at reduced pressure to give compound 1a (1309 mg, 82%) as a white solid. mp 67-69 °C (from ethyl acetate/petroleum ether). 1 General procedure for the synthesis of the methyl esteres of N-protected, N-alkyl C  -dimethylglycines. The methyl ester of N-protected, C  -dimethylglycine was dissolved in dry dichloromethane (0.05 mol dm -3 ) followed by addition of 3.5 eq. of potassium tert-butoxide and 2.2 eq. of trialkyloxonium tetrafluoroborate under inert atmosphere. The reaction mixture was stirred at room temperature for 30 min. Then dichloromethane (50 cm 3 ) was added. The organic phase was washed with KHSO4 (1 mol dm -3 ), NaHCO3 (1 mol dm -3 ) and brine (3 x 20 cm 3 each) and was dried over MgSO4. Evaporation at reduced pressure afforded the corresponding Nprotected, N-alkyl C  -dimethylglycine derivative.
Boc-N(Et)-Aib-OMe (2a).
The general procedure described above was followed using Boc-AibOMe (1a) (434 mg, 2.00 mmol) and triethyloxonium tetrafluoroborate as reactants to afford 2a (457 mg, 93%) as an orange oil that failed to crystallize. 1 Tos-N(Et)-Aib-OMe (2d). The general procedure described above was followed using Tos-AibOMe (1d) (542 mg, 2.00 mmol) and triethyloxonium tetrafluoroborate as reactants to afford 2d (562 mg, 94%) as a white solid. mp 59-60 °C. (from ethyl acetate/petroleum ether). 1 Bz-N(Et)-Aib-OMe (2e). The general procedure described above was followed using Bz-AibOMe (1e) (221 mg, 1.00 mmol) and triethyloxonium tetrafluoroborate as reactants to afford 2e (190 mg, 73%) as a colourless oil that solidified on standing. mp 116-117 °C. 
